Pyramidal neurons have a highly polarized dendritic morphology, characterized by one long apical dendrite and multiple short basal dendrites. They function as the primary excitatory cells of the mammalian prefrontal cortex and the corticospinal tract. However, the molecular mechanisms underlying the development of polarized dendrite morphology in pyramidal neurons remain poorly understood. Here, we report that the Angelman syndrome (AS) protein ubiquitin-protein ligase E3A (Ube3a) plays an important role in specifying the polarization of pyramidal neuron dendritic arbors in mice. shRNA-mediated downregulation of Ube3a selectively inhibited apical dendrite outgrowth and resulted in impaired dendrite polarity, which could be rescued by coexpressing mouse Ube3a isoform 2, but not isoform 1 or 3. Ube3a knockdown also disrupted the polarized distribution of the Golgi apparatus, a well established cellular mechanism for asymmetric dendritic growth in pyramidal neurons. Furthermore, downregulation of Ube3a completely blocked Reelin-induced rapid deployment of Golgi into dendrite. Consistently, we also observed selective inhibition of apical dendrite outgrowth in pyramidal neurons in a mouse model of AS. Overall, these results show that Ube3a is required for the specification of the apical dendrites and dendrite polarization in pyramidal neurons, and suggest a novel pathological mechanism for AS.
Introduction
Dendritic morphology varies greatly according to neuronal cell type, and specific morphological characteristics are linked with various functional implications (Jan and Jan, 2010). Pyramidal neurons, for example, are the primary excitatory neuronal cell type in the cerebral cortex, the hippocampus and the amygdala, and are characterized by their polarized dendritic shape. They have a long apical dendrite that extends hundreds of micrometers toward the pia as well as several smaller and shorter basolateral dendrites (Whitford et al., 2002) . The distinct structures of these two types of dendrites determine their specific functions in receiving and integrating spatial information. However, the exact molecular mechanisms underlying the development of highly polarized dendrite morphology in pyramidal neurons remain unclear.
The gene UBE3A encodes a HECT domain ubiquitin E3 ligase and its deficiency in humans is primarily responsible for Angelman syndrome (AS), a neurodevelopmental disorder characterized by developmental delay, intellectual disability, movement disorder, and epilepsy (Mabb et al., 2011) . Although defects in synaptic development and plasticity have been observed in neurons lacking Ube3a protein (Jiang et al., 1998; Dindot et al., 2008; Yashiro et al., 2009; Greer et al., 2010; Margolis et al., 2010) , it remains unclear whether earlier developmental events are also regulated by Ube3a. Several lines of evidence support an in-depth study of the role of Ube3a in early stages of brain development, particularly in dendrite morphogenesis. First, observations of microcephaly in an AS patient (Jay et al., 1991) and in an AS mouse model (Jiang et al., 1998) strongly suggest the presence of other developmental abnormalities in addition to synaptic defects. Second, the inhibition of dendritic arborization in the sensory neurons of Drosophila Ube3a-null mutants (Lu et al., 2009) suggests a conserved function of Ube3a in dendrite morphogenesis in mammalian neurons.
In this study, we used RNAi technique to knock down Ube3a expression in developing pyramidal neurons in mouse brain, to determine its function in early neural development events. Our results indicate that Ube3a is critical for polarized dendrite morphogenesis in pyramidal neurons and that this role is primarily mediated via mouse Ube3a isoform 2.
Materials and Methods
Mice and in utero electroporation. The use of mice was in accord with the Society for Neuroscience guidelines and Institutional Animal Care and Use Committee-approved protocols. Ube3a-shRNA or scrambled control shRNA (Sh-scr) was cotransfected with EGFP plasmids into the neural epithelium of the lateral ventricle of timed-pregnant ICR mice using an in utero electroporation method described previously (Saito and Na-katsuji, 2001). For morphological analysis of pyramidal neurons in AS mice, P8 mice of either sex and adult male mice were used.
Mouse Ube3a cloning and construct preparation. Mouse Ube3a cDNAs (GenBank accession numbers NM_001033962, NM_011668 and NM_173010) were cloned from a mouse cerebral cortex cDNA library. PCR products were cloned into the pCAG-IRES-EGFP vector provided by Dr. Xiao-bing Yuan (Institute of Neuroscience and State Key Laboratory of Neuroscience, Shanghai, China) (Zheng et al., 2012) . Oligonucleotides targeting different sequences of mouse Ube3a cDNA and a scrambled control oligonucleotide were designed, synthesized, and cloned into pSuper-basic (Oligoengine). The 19 bp target sequences were as follows: Sh-1, 5Ј-GCC GAA ATC TAG TGA ATG A-3Ј; Sh-2, 5Ј-CCT ACA AAG TCA TAA GCA A-3Ј; Sh-scr, 5Ј-TTC TCC GAA CGT GTC ACG T-3Ј. The Sh-1-resistant forms of Ube3a were generated by mutating five nucleotides within the Sh-1 targeting sequence in each of the three Ube3a isoforms (from GC CGA AAT CTA GTG AAT GA to GC CGG AAC CTG GTA AAC GA) without altering the corresponding amino acids. All constructs were verified by sequencing.
Immunohistochemistry. Mice were killed at postnatal day 3 (P3) or P7. Their brains were removed and fixed overnight. After sequential dehydration in 15% and 30% sucrose at 4°C, 50 m coronal brain sections were cut with a cryostat, fixed in 4% PFA for 20 min at 4°C, washed three times with 1ϫ PBS, blocked with 5% BSA and 0.3% Triton X-100 in 1ϫ PBS for 1 h at room temperature, and then incubated with rabbit anti-GFP (1:1000, Invitrogen) primary antibody overnight at 4°C. The rinsed sections were then incubated with Alexa 488-conjugated goat anti-rabbit secondary antibody (1:3000; catalog #A-11122; Invitrogen) for 2 h at 37°C. For endogenous Ube3a and GM130 immunostaining, sections were heated to 92°C for 20 min in 1ϫ SSC buffer, pH 6.0, for antigen retrieval before the blocking step. The sections were then incubated with anti-Ube3a (1:3000; catalog #E8655; Sigma) or anti-GM130 antibody (1:1000; catalog #610822; BD Biosciences).
Analysis of dendrite orientation. The orientation of each dendrite was measured as previously described (Demyanenko et al., 2004) using Image-Pro Plus 6.0 software. Briefly, a 10-m-radius circle was drawn around the soma center. The circle crossed each dendrite at individual point. A line was then drawn from the center of the soma through the crossing point of the dendrite on the circle. The angle made by this line relative to a line drawn from the soma perpendicular to the pial surface was expressed in degrees.
Image acquisition and quantification. Images were obtained with a Nikon A1R inverted confocal microscope with 20ϫ (numerical aperture, 0.7) or 63ϫ (numerical aperture, 1.4) objectives. Each image was a composite constructed from a series of images taken throughout the z aspect of the neuron. Neuronal morphology was traced and analyzed with Neurolucida software (MBF Bioscience).
Statistical analysis. Values are expressed as mean Ϯ SEM. Student's t test was used to measure significance of differences between two groups. Statistical significance was defined as p Ͻ 0.05.
Results

Downregulation of Ube3a disrupts dendrite polarity in pyramidal neurons
To investigate the role of Ube3a in neuronal development, we downregulated its expression in cortical pyramidal neurons using shRNA constructs delivered via in utero electroporation at embryonic day 13.5 (E13.5). Expression of two shRNA vectors, shRNA-1 and 2 (Sh-1 and -2), markedly reduced the expression of native Ube3a in cortical neurons ( Fig. 1 A, B) . To assess the impact of Ube3a knockdown on pyramidal neurons, a morphological analysis was performed on layer II/III cortical neurons of the somatosensory cortex 1 (S1) at P7, which corresponds to a period of robust dendrite morphogenesis. Most Sh-scr-transfected neurons displayed a typical polarized dendritic arbor (Fig. 1C) . In contrast, many neurons transfected with either Sh-1 or Sh-2 exhibited no obvious apical dendrite, although basal dendrite-like processes in these neurons appeared normal.
We next defined and quantified dendrite polarity based on two morphological features specific to the apical dendrite: its vertical orientation toward the pial surface and its length, as it is the longest among all primary dendrites. We started by quantifying dendrite polarity according to the orientation property of the apical dendrite. First, the angle of each dendrite relative to the line perpendicular to the pial surface was measured in Sh-scrtransfected neurons. Consistent with previous studies (Sasaki et al., 2002; Demyanenko et al., 2004) , apical dendrites in these neurons were mostly distributed within the range of Ϯ15°, whereas most basal dendrites were outside the range of Ϯ40°. Therefore, we defined normal dendrite polarity as a single dendrite within the Ϯ15°range and the rest outside the Ϯ40°range (Fig. 1D) . The vast majority of neurons transfected with Sh-scr exhibited normal polarized dendrite morphology, whereas a significant portion of neurons expressing either Sh-1 or Sh-2 showed defects in dendrite polarity at P7 (Fig. 1E) .
Next, we quantified dendrite polarity in transfected neurons based on the length property of the apical dendrite. We designated the longest dendrite as the apical dendrite and the rest as basal dendrites, and used two polarity indexes to compare them: apical/mean basal, defined as the ratio of apical dendrite length to basal dendrite mean length, and apical/total dendrite branch length (TDBL), defined as the ratio of apical dendrite length to total dendrite branch length. We found that apical, but not basal, dendrite length was markedly reduced in shRNA-treated neurons relative to control neurons, as were the values of both polarity indexes ( Fig. 1F-J ) .
To explore the timing and mechanism of dendritic polarity impairment in Ube3a-shRNA-transfected neurons, we analyzed the morphology of layer II/III cortical neuron dendrites earlier in development at P3, when radial migration has completed and dendrites begin to elaborate into an arborized tuft (Tabata and Nakajima, 2002) . We found that dendrite length and polarity indexes were comparable between both shRNAs and control groups at P3 (Fig. 1E-J ) . These findings indicate that the dendrite polarization defects observed in P7 neurons treated with Ube3a-shRNA results from selective inhibition of apical dendrite outgrowth after P3, rather than a general stalling of dendrite growth.
The role of Ube3a in polarized dendrite morphogenesis is primarily mediated via mouse Ube3a isoform 2 To date, three Ube3a isoforms have been identified in mouse (Greer et al., 2010) . Isoform 2 (Iso2) corresponds to the open reading frame of Ube3a, while Iso1 and Iso3 both lack 21 aa from their N termini. Iso1 also lacks 87 aa from its C terminus, a region that is critical for hect domain function; Iso1 has therefore been proposed to be an E3 ligase deficient form. However, the expression profile of each Ube3a isoform in developing cortex has not yet been well characterized. We examined the protein levels of these three isoforms from total lysate of developing cortex using antibody which could recognize all three isoforms. Interestingly, only one band, which might corresponded to Iso2 (ϳ95 kDa) or Iso3 (ϳ94 kDa) or both, could be detected from E15 to adult ( Fig.  2A) . The band was maintained through embryogenesis and early postnatal life with a slight decline after P7. The Iso1 (ϳ84 kDa) corresponding band could not be detected probably due to low level of expression. Further, we quantified the mRNA level of each isoform with Real-time PCR and confirmed that Iso1 is expressed at low level in the developing cortex (Fig. 2B) . To de-termine the particular role of each isoform in dendrite polarization in cortical pyramidal neurons, we conducted a series of rescue experiments. Plasmids encoding the shRNA-resistant form of each isoform (Fig. 2E ) were cotransfected together with Sh-1-expressing plasmids using in utero electroporation at E13.5. Immunostaining for Ube3a revealed distinct patterns of subcellular localization of the overexpressed isoforms in P7 cortical pyramidal neurons (Fig. 2D ). Iso1 and 2 were primarily distributed in the cytosol and dendrites, whereas Iso3 appeared to be confined largely to the nucleus. Interestingly, the impaired dendrite polarity caused by Ube3a knockdown was specifically rescued by coexpression of the shRNA-resistant Iso2 (Iso2R) (Fig.  2F-H ) . By comparison, both the ligase-dead cytoplasmic Iso1R and the nuclear-located Iso3R were ineffective in restoring dendrite polarity. Consistent with these findings, in immature DIV4 or P7 neurons, when neuronal morphogenesis is just in progress, we found that Ube3a was localized primarily in the cytosol of cell bodies and processes, whereas in more mature DIV12 or P30 neurons, Ube3a was highly enriched in the nucleus (Fig. 2C) . Notably, high levels of Ube3a were detected in apical dendrites close to the soma (white arrow in Fig. 2C ), but not in the basal dendrites of P7 neurons. These results indicate that E3 ligase activity and cytoplasmic localization of Ube3a are both required for its role in dendrite polarization, and suggest that Ube3a regulates this process by modulating its cytoplasmic substrates. Notably, overexpression of Iso2 had no significant effect on dendritic morphogenesis (Fig. 2F-H ) .
In addition to the cerebral cortex, pyramidal neurons are also found in the CA1 region of the hippocampus. These CA1 neurons undergo similar developmental events to cortical neurons before reaching maturation (Nakahira and Yuasa, 2005) . Here, we found that CA1 neurons transfected with Ube3a-shRNA exhibited defects in dendrite morphology and polarity comparable to those observed in cortical neurons (Fig. 3C ). These findings indicate that Ube3a plays an important role in the development of dendrite polarity, in both cortical and hippocampal pyramidal neurons.
Ube3a knockdown disrupts the polarized distribution of the Golgi apparatus in pyramidal neurons
As a crucial component of the secretory pathway, the Golgi apparatus is distributed in a polarized fashion in pyramidal neurons, being preferentially located on the apical side of the soma and extending into the apical dendrite (Horton et al., 2005) . This asymmetric distribution appears to be responsible for the preferential trafficking of membranous cargos into the apical dendrite to support polarized dendrite morphogenesis (Horton et al., 2005) . To determine the effect of Ube3a knockdown on the localization of the Golgi apparatus, we examined Golgi morphology in neocortical and hippocampal pyramidal neurons by immunostaining for GM130, a cis-Golgi protein marker. In P3 and P7 cortical neurons and P7 hippocampal neurons transfected with Sh-scr, the Golgi apparatus was enriched on the apical side Figure 1 . Ube3a knockdown selectively inhibits apical dendrite outgrowth, thereby decreasing dendrite polarity. A, The top shows a Ube3a Western blot of lysates from DIV 5 cultured cortical neurons transfected at dissociation with the indicated shRNA constructs. GAPDH was used as a loading control. Quantification of these results is shown in the bottom. B, Immunohistochemical staining of native Ube3a in coronal sections from a P7 mouse brain electroporated with Sh-1 and GFP at E13.5. The white arrows indicate successfully transfected cells. Scale bar, 25 m. C, Representative images and tracings of layer II/III pyramidal neurons from P3 and P7 mouse brains treated with the indicated constructs. Scale bar, 50 m. D, Schematic representation of the methodology used to determine dendritic polarity, based on the orientation properties of the two types of dendrite relative to the pial surface. E, Graphical representation of the percentage of labeled neurons with normal dendritic polarity. n Ͼ 4 brains in each group. F-J, Quantitative analyses of apical dendrite length (F ), total length of basal dendrites (G), TDBL (H ), the ratio of apical dendrite length to TDBL (I ), and the ratio of apical dendrite length to basal dendrite mean length (J ). Data represent mean Ϯ SEM. n ϭ 20 -50 neurons in each group. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001; statistically significant differences were determined using t test.
and in the proximal region of the apical dendrite (Fig. 3 A, D) . By comparison, in the Ube3a-shRNA-transfected neurons at P3 and P7, the Golgi apparatus often appeared clustered near the nucleus rather than extending into a dendrite (Fig.  3 A, D) . Furthermore, the distance from the center of the nucleus to the tip of the Golgi ribbon was significantly reduced in Ube3a-shRNA-transfected neurons compared with control neurons (Fig. 3 B, E) . These results provide in vivo evidence supporting a functional association between the asymmetrical localization of the Golgi apparatus and polarized dendrite morphology. They also suggest that Ube3a may regulate dendrite polarity by modulating the distribution of the Golgi apparatus.
Reelin-Dab1 signaling has been identified as a critical mechanism in regulating Golgi deployment into dendrite (Matsuki et al., 2010) . Reelin treatment for 30 min was sufficient to drive Golgi into dendrite. To examine whether downregulation of Ube3a could block Reelin-induced rapid dendritic Golgi deployment, we treated Ube3a-shRNA neurons with recombinant Reelin and found that Reelin treatment could no longer drive the Golgi into dendrite (Fig. 3F-H ) . Additionally, downregulation of Ube3a markedly inhibited Golgi deployment into dendrite (Fig. 3F-H ) . These results suggest that Ube3a is required for Reelin's function in dendritic Golgi deployment.
Reduced pyramidal neuron dendrite polarity in a mouse model of AS
A previously developed mouse model of AS with maternal Ube3a gene deficiency (m-/pϩ) recapitulates the major features of human AS with symptoms of motor dysfunction, inducible seizures and context-dependent learning deficits (Jiang et al., 1998) . To determine whether dendrite polarity was also impaired in these mice, acute brain slices from P8 and 3.5-month-old AS mice were prepared, and individual neurons were patched and filled with the smallmolecular-weight dye biocytin and visualized with an avidin-conjugated fluorophore. The morphological characteristics of these neurons were subsequently imaged and analyzed. Due to their relatively homogeneous nature and ease of identification compared with cortical neurons, we chose to assess CA1 pyramidal neurons. Similar to Ube3a-shRNA neurons in cortical layer II/III, CA1 neurons in P8 and adult AS mice both displayed stunted apical dendrites compared with their wild-type littermates (Fig. 4 A, C) . The values of polarity indexes were also significantly reduced in AS mice relative to WT controls (Fig. 4E-G) .
Discussion
In the present study, we identify a novel role for Ube3a in polarized dendrite morphogenesis in pyramidal neurons. One important finding is that the loss of Ube3a had differential effects on the two types of pyramidal neuron dendrites, inhibiting the outgrowth of the apical dendrite, but not of basal dendrites. Pyramidal neurons transfected with Ube3a-shRNA did not develop these symptoms right from the onset, since dendritic arbors at P3 were comparable between control and shRNA-treated groups. It Figure 2 . Coexpression of shRNA-resistant mouse Ube3a isoform 2 restores dendrite polarity. A, Immunoblot analysis of Ube3a expression in the developing cortex. Quantitative analysis is shown in the bottom. B, qPCR analysis of three isoforms of mouse Ube3a in developing cortex. Their transcript level is normalized to GAPDH. C, Native Ube3a immunostaining (red) and nuclear Hoechst 33342 staining (blue) illustrate the dramatic change in Ube3a subcellular localization, from mostly cytoplasmic in DIV 4 and P7 neurons to nuclear enrichment in DIV12 and P30 neurons. The white arrows point to the proximal region of the apical dendrite. Scale bar, 20 m. D, Immunohistochemical Ube3a staining of coronal sections from P7 mouse brains transfected with the indicated constructs. Scale bar, 10 m. E, Immunoblot of lysates from DIV 5 cultured cortical neurons transfected at dissociation with the indicated constructs. F, Quantitative analysis of the percentage of neurons with normal polarized dendrite morphology in layer II/III. n ϭ 5 brains in each group, and Ͼ100 neurons for each groups were quantified. G, H, Quantitative analyses of apical dendrite length (G) and apical/mean basal ratio (H ). Data represent mean Ϯ SEM. n Ͼ 20 neurons in each group. *p Ͻ 0.05; statistically significant differences were determined using t test.
was only later on at P7, which corresponds to a period of exuberant dendrite morphogenesis, that the growth and arborization of the apical dendrite was selectively inhibited, ultimately resulting in a less polarized dendrite morphology. Moreover, pyramidal neurons in AS mice also presented reduced dendritic polarity with selective shortening of the apical dendrite (Fig. 4) . Together, our findings highlight a novel mechanism for the development of the highly polarized dendritic arbor in pyramidal neurons, which occurs after radial migration. We also defined the developmental stage from P3 to P7 as a critical period for Ube3a-dependent polarized dendritic morphogenesis.
Consistent with a previous study performed in the visual cortex (Sato and Stryker, 2010), we observed a progressive enrichment of Ube3a in the nucleus as neurons matured both in vivo and in vitro (Fig. 2C) . This spatial-temporal subcellular localization profile suggests that cytosolic Ube3a may account for the role of Ube3a in polarized dendrite outgrowth. Interestingly, the three mouse Ube3a isoforms presented distinct subcellular localization patterns in pyramidal neurons in vivo. Both Iso1 and Iso2 were primarily distributed within the cytosol and dendrites, whereas Iso3 was highly enriched in the nucleus (Fig. 2D) . Among the three isoforms, only Iso2 was able to rescue the dendrite polarity defect caused by Ube3a-shRNA expression (Fig. 2D) . These findings support the notion that the three Ube3a isoforms have distinct functions and indicate that the catalytic function of Ube3a in cytosol is required for normal polarized dendritic morphogenesis. Our findings confirm those of previous studies indicating that Ube3a ubiquitin ligase activity is necessary for normal human cognitive function, and disruption of this activity leads to AS (Cooper et al., 2004) .
We show here that, in Ube3a-shRNA-treated neurons with less polarized dendritic arbors, the Golgi apparatus failed to localize to the apical dendrite (Fig. 3) . Importantly, at P3, when dendrite length and polarity indexes were comparable between shRNA and control groups, the Golgi in neurons treated with Ube3a-shRNA had displayed defect. The earlier onset of Golgi phenotype relative to dendrite polarity defect strongly suggests that Ube3A may regulate apical dendrite outgrowth and arborization by modulating the localization and function of the Golgi apparatus. In addition, our results point toward a cellautonomous requirement for Ube3a in regulating the polarized . n ϭ 30 -50 neurons in each group. F, Representative images of DIV6 hippocampal neurons infected with the indicated lentivirus. White arrows point to dendritic Golgi. G, H, Quantitative analysis of the distance between the center of nucleus and the tip of the Golgi ribbon (G) and MAP2-positive neuron ratio with Golgi extended into a dendrite (H ). Data represent mean Ϯ SEM. ***p Ͻ 0.001, statistically significant differences were determined using t tests. distribution of the Golgi. Abnormal Golgi distribution patterns were only observed in neurons transfected with Ube3a-shRNA, while neighboring nontransfected neurons showed no similar defects.
Reelin-Dab1 signaling is essential for Golgi deployment into dendrite (Matsuki et al., 2010) . It can induce a rapid reorganization of Golgi into dendrite in primary cultured hippocampal neurons. In our study, we reproduced its acute effect in vitro and found that downregulation of Ube3a significantly inhibited Golgi extension into dendrite and blocked Reelin-induced rapid deployment of Golgi into dendrite (Fig. 3F-H ) . This result suggests that Ube3a is indispensable for acute response of Golgi to Reelin. The evidence from some previous studies could help us to outline how Reelin and Ube3a regulate dendritic Golgi deployment. Reelin-Dab1 signaling controls Golgi morphology through antagonizing the action of LKB1-Stk25-GM130 (Matsuki et al., 2010) . The identification of several putative substrates and interacting partners of Ube3a that are associated with the Golgi apparatus, including Golgiassociated PDZ protein GOPC (Jeong et al., 2007) , Golgi membrane associated protein GOLGA3 (Jung et al., 2005) , Src family kinases (Oda et al., 1999) and TSC2 (Zheng et al., 2008) , suggests a direct role for Ube3a in the structural and functional regulation of the Golgi apparatus. Based on these findings, it is likely that Ube3a and Reelin function in parallel and coordinately to regulate polarization of Golgi into dendrite. Alternatively, Ube3a may function downstream of Reelin to mediate its role in dendritic Golgi deployment. Further studies are needed to clarify how Ube3a regulates Golgi polarization in cooperation with Reelin signaling. , apical dendrite length (C), total basal dendrite length (D), apical/TDBL ratio (E), apical/total length of basal dendrites ratio (F ), and apical/basal dendrite mean length (G). Data represent mean Ϯ SEM. P8, n ϭ 4 brains, total 15 neurons per group; adult, n ϭ 3 brains per group, 7 neurons per brain. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001, statistically significant differences were determined using t test.
In summary, our results indicate that cytoplasmic mouse Ube3a Iso2 is an important regulatory molecule for Golgidependent control of normal polarized dendrite development, and suggest that the impairment of dendrite polarity in pyramidal neurons caused by Ube3a depletion may lead to alterations in neural circuitry that underlie behavioral and cognitive dysfunctions associated with AS.
